Abstract Skill improvements may develop between practice sessions during memory consolidation. Skill enhancement within an egocentric coordinate frame develops over wake, whereas skill enhancement in an allocentric coordinate frame develops over a night of sleep. We tested whether both types of improvement could develop over two diVerent 24-h intervals: 8 am to 8 am or from 8 pm to 8 pm. We found that for each 24 h interval, only one type of skill improvement was seen. Despite passing through wake and a night of sleep participants only showed skill improvements commensurate with either a night of sleep or a day awake. The nature of the oV-line skill enhancement was determined by when consolidation occurred within the normal sleep-wake cycle. We conclude that motor sequence consolidation is constrained either by having critical time windows or by a competitive interaction in which improvements within one co-ordinate frame actively block improvements from developing in the alternative co-ordinate frame.
Introduction
Skill learning tasks can be refracted into multiple components. Each of these components is encoded within distinct neural circuits (Hikosaka et al. 1999 (Hikosaka et al. , 2002 . A particularly vivid example of this is provided by the distinction between information represented within allocentric co-ordinates, in which the location of objects are coded in relation to one another, or egocentric coordinates, in which object location is centered around the body. For example, humans learn to navigate a new route as a series of turns (egocentric co-ordinates) plus as a series of key landmarks within the landscape (allocentric co-ordinates; Vidal et al. 2004) . Similarly, learning to make reaching movements within a visually distorted environment requires changes within egocentric plus allocentric co-ordinates (Hatada et al. 2006 ; Lee and van Donkelaar 2006) . Improved performance during learning is supported by the encoding of skill within both co-ordinate frames.
During consolidation however, skill components are diVerentially processed: skill represented in an egocentric coordinate frame is enhanced over wake, whereas skill represented in an allocentric coordinate frame is enhanced over a night of sleep (Cohen et al. 2005) . A 24-h interval containing a normal sleep-wake cycle may support the development of improvements within both the egocentric and allocentric co-ordinate frames. Alternatively, only one type of improvement, either within an allocentric or egocentric co-ordinate frame, might develop over a 24-h interval. This result would suggest that the timing of consolidation in relation to the 24-h sleep-wake cycle determines the nature of the oV-line skill enhancement.
In this study, we isolated the egocentric and allocentric skill components in a procedural learning task, the serial reaction time task (SRTT). In this task, a visual cue can appear at any one of four possible positions arranged horizontally on a computer screen (Nissen and Bullemer 1987) . Each screen position corresponds to a button on a response box. When a cue appears, a participant selects the corresponding button, and after a short Wxed delay, another cue is presented. Unbeknownst to the participants, the positions of the cues follow a repetitive order. This sequence is learnt simultaneously as a series of spatial goals in allocentric coordinates, referred to as goal-based skill, and as a series of Wnger movements in egocentric coordinates, referred to as movement-based skill (Willingham 1999) .
After training with one hand, the goal and movement-based components can be distinguished by probing skill with the untrained hand ( Fig. 1 ; Hikosaka et al. 1999; Grafton et al. 2002; Japikse et al. 2003; Verwey and Wright 2004; Verwey and Clegg 2005) . By switching from the right to the left hand, the same Wnger is no longer associated with the same response. So, although the same sequence of response buttons is required, this goal is achieved using a diVerent set of Wnger movements. For example, a triplet -2-4-3-is Wrst performed with the -middle-little-ring-of the right hand and then with the -ring-index-middle-of the left hand. Thus the goal remains the same (i.e., -2-4-3-) but the order of Wnger movements changes (from -middlelittle-ring-to -ring-index-middle-). Alternatively, it is possible to preserve the order of Wnger movements but change the sequence of response buttons (Fig. 1) . For example, a triplet may change from being -2-4-3-with the right hand to being -3-1-2-with the left hand so that the order of Wnger movements remains unchanged as: -middle-little-ring-. Thus the goal of the movements is altered (from -2-4-3-to -3-1-2-) but the order of Wnger movements, albeit of the opposite hand, is preserved. These manipulations generate two task conWgurations: the Wrst (goal-conWguration) probes goal-based learning and the other (movement-conWguration) probes movement-based learning.
In this experiment, after training with the right (dominant) hand, participants switched to their left hand to be tested (Skill 1 ), and 24-h later re-tested (Skill 2 ). This allowed goal or movement-based oV-line improvements (Skill 2 ¡ Skill 1 ) to be measured. By measuring these distinct improvements over two 24-h intervals (i.e., 8 am to 8 am vs. 8 pm to 8 pm), it was Fig. 1 In the SRT task, visual cues are presented on a screen and guide procedural learning. Switching hands allows the goal and movement-based components of the learnt skill to be measured. Maintaining the goal (e.g., -2-4-3) but altering the order of Wnger movements (goal conWguration) measures the skill derived from knowledge of the spatial goal (i.e., knowledge of response locations in allocentric coordinates). This has alternatively been called eVector-independent skill (Hikosaka et al. 2002) . Maintaining the order of Wnger movements (e.g., -middle-little-ring-) but altering the goal (movement conWguration) measures the skill derived from the Wnger movements (i.e., knowledge of the speciWc Wnger movements in egocentric coordinates). This has alternatively been called eVector-dependent skill (Hikosaka et al. 2002; Verwey and Wright 2004; Verwey and Clegg 2005) . Such a term is a slight misnomer; after all, the skill is assessed by switching hands and so would appear to be independent of the eVector or hand used during training. But it is still the same Wngers, albeit of the opposite hand (i.e., the homologous Wngers, right index switches to the left index Wnger), that are performing the movement so it earns the term eVector-dependent. This manipulation produces a mirror sequence (e.g., the triplet -2-4-3-is transformed to -3-1-2; Verwey and Clegg 2005 ) . Figure taken from Cohen et al. 2005 possible to determine whether both types of improvement could develop over 24 h, or whether the type of improvement that developed was determined by when consolidation occurred within the normal sleep-wake cycle. With two interval types (8 am to 8 am or 8 pm to 8 pm), and two task conWgurations (goal or movement), there were four experimental groups.
Methods

Participants
Fifty-four right-hand dominant (deWned by the Edinburgh handedness questionnaire; OldWeld 1971) participants were recruited. OV-line improvements can be modiWed by a participant's ability to recall segments of the sequence (Robertson et al. 2004 ). Those reporting four or less items consistently show goal-based improvements over a night of sleep and movementbased improvements over wake (Cohen et al. 2005) . We wished to examine the development of both types of improvement over a 24 h interval. Consequently, the 14 participants who were able to recall more than four items of the sequence were removed from further analysis. Data was analyzed from the remaining 40 participants (18 male, 20.8 § 0.4 years) who were randomly and equally distributed across the four groups. All participants completed a sleep questionnaire and log.
The expression of oV-line improvements may be inXuenced by the time-of-day of re-testing. To quantitatively address this issue we contrasted improvements in this study against those which developed over 12-h intervals in an earlier study (Cohen et al. 2005) . Two groups were drawn from the earlier study. In the Wrst, goal-based skill was tested at 8 pm and re-tested at 8 am; while in the second group movement-based skill was tested at 8 am and re-tested at 8 pm. Each group had ten participants (8 male, 19.9 § 0.4 years), all right-handed, all recalling less than four items of the sequence and all performed the goal or movementbased version of the SRTT identical to the one used in the current study and described below.
Experimental design
Performance in the SRTT was measured prior to and following a 24 h interval. This interval either extended from 8 am to 8 am or from 8 pm to 8 pm. The Wrst session consisted of three blocks, two of which constituted training blocks (one short and one long) and a test block. After 24 h, participants performed another test block. The test block before (Skill 1 ) and after (Skill 2 ) the 24 h interval was designed to measure either movement or goal-based skill. The skill diVerence (Skill 2 ¡ Skill 1 ) between testing and re-testing gave a measure of oV-line learning.
The serial reaction time task
We used a modiWed version of the SRTT (Nissen and Bullemer 1987) . A solid circular stimulus (diameter 20 mm, viewed from approximately 800 mm) appeared on a monitor at any one of the four possible positions within an equally spaced horizontal array. Each position corresponded to one of the four buttons on a response pad (Cedrus, RB-410). When a target appeared, participants were instructed to respond by pressing the appropriate button. Having made the correct response, the cue on the screen disappeared and was replaced by the next cue after a delay of 400 ms. For incorrect responses, the stimulus remained until the correct button was selected. Response time was deWned as the interval between presentation of a stimulus and selection of the correct response. The task was introduced to participants as a test of reaction time.
The type of oV-line improvement was assessed using two diVerent conWgurations of the SRTT. After training with their right hand, all participants switched hands, allowing the desired component of skill to be isolated. Goal-based skill was assessed by changing the speciWc pattern of Wnger movements, by switching hands, while preserving the sequence (2-3-1-4-3-2-4-1-3-4-2-1) of response locations. Movement based skill was assessed by changing the sequence of response locations (from 4-2-3-1-4-2-1-2-4-3-2-3 to 1-3-2-4-1-3-4-3-1-2-3-2), which-having switched hands-preserved the speciWc pattern of Wnger movements learnt during training (Fig. 1) . These two sequences of response location did not share any common triplets, minimizing the potential for goal-based transfer between the sequences and giving an uncontaminated probe for movement-based skill (Fig. 1) .
Session one consisted of a short training block with 15 repetitions of a 12-item sequence (180 trials), a longer training block with 25 repetitions (300 trials), and a test block with 15 repetitions (180 trails). Session two consisted of a single test block with 15 repetitions (180 trials) of the sequence. Each block had a similar structure. For all blocks, 50 random trials preceded and followed the sequential trials. Within these random trials there were no item repeats. Each set of random trials in the training and test blocks were unique. However, the random trials were identical across all groups.
Data analysis
Only the time taken to make correct responses was included in the analysis. Any response time longer than 2.7 standard deviations (i.e., the top one percentile) from a participant's mean was removed, as was any response time exceeding 3000 ms. A sequence learning score was calculated for each session by subtracting the average response time of the Wnal 50 sequential trials from the average response time of the random trials that immediately followed. Accuracy in the SRT task is not a useful measure of skill because even with limited experience, error rates are extremely low (<1-2%). Skill before the interval (Skill 1 ) was calculated using the Wnal test block of the Wrst session, and skill after the interval (Skill 2 ) was calculated using the Wrst and only test block of the second session. The diVerence (Skill 2 ¡ Skill 1 ) between these learning scores gave a measure of oV-line learning. Unpaired t tests were used to detect any diVerence in initial goal-based skill between the groups tested at 8 am versus 8 pm, as well as to detect diVerences in initial movement-based skill between those tested at 8 am versus 8 pm. An ANOVA was used to compare the amount of oV-line learning across the groups. Unpaired t tests were used to make planned comparisons between groups. To test for oV-line learning within each group, paired t tests were used to compare Skill 1 against Skill 2 . A mixed repeated measures ANOVA was used to explore the possibility that sequential response times within the re-test block showed changes that diVered across the four groups. The re-test block was divided into three equal sets of 60 trials. An average response time was calculated for each of these sets, giving a measure of change in response time across the re-test block, for each participant in each group.
Results
Sequence-speciWc skill
At the end of session one, there was no signiWcant diVerence in goal-based skill between those tested at 8 am compared to those tested at 8 pm [unpaired t test, t(18) = 1.71, P = 0.104]; likewise, initial movementbased skill did not diVer according to the time of initial testing [unpaired t test, t(18) = 0.52, P = 0.608; Fig. 2 ]. Goal and movement based skill were not directly compared because these components may be acquired at diVerent rates (Bapi et al. 2000; Hikosaka et al. 2002) . Fig. 2 Response times averaged over 60 trials, during sequential (white background) and averaged over 50 trials for the random trials (gray columns). During the short and long training blocks all participants responded to a standard sequence using their right hand (R standard ). Participants then switched to their left hand and either switched to the mirror sequence (L mirror ) to assess movement-based skill (a) or they kept to the standard sequence (L standard ) to assess goal-based skill (b). This testing took place at either 8 am or 8 pm with re-testing 24-h later (8 am to 8 am groups are shown by circles; 8 pm to 8 pm groups are shown by diamonds). Skill at testing (Skill 1 ) and re-testing (Skill 2 ) was the diVerence between the average response time of the Wnal 50 sequential trials and the following 50 random trials. Movement-based oV-line (Skill 2 ¡ Skill 1 ) improvements only developed from 8 am to 8 am (69 ¡ 50= 19 ms, c.f. 48 ¡ 52 = ¡4 ms); whereas, goal-based improvements only developed from 8 pm to 8 pm (85 ¡ 57 = 28 ms, c.f. 76 ¡ 69 = 7 ms). These diVerential improvements cannot be accounted for by diVerent rates of learning during the re-test blocks because changes in sequential response times within the re-test block did not vary by group [ANOVA, F(6, 29 Movement-based improvements developed over 24-h when testing and re-testing were at 8 am [19 § 7 ms, paired t test, t(9) = 2.79, P = 0.021]; whereas, no signiWcant improvement developed over 24-h when testing and re-testing were at 8 pm [¡4 § 8 ms, paired t test, t(9) = 0.49, P = 0.635; Fig. 3 ]. The opposite pattern was observed for goal-based improvements: signiWcant improvements developed over 24-h when testing and retesting were at 8 pm [28 § 7 ms, paired t test, t(9) = 4.45, P = 0.002]; whereas, no signiWcant improvements were detected when testing and re-testing were at 8 am [7 § 5 ms, paired P-test, t(9) = 1.46, P = 0.178; Fig. 3 ].
The expression of goal and movement-based improvements may be aVected by when re-testing took place: the absence of a signiWcant improvement could reXect the inability to express skill at a particular time of day. This would imply that when contrasting two groups with distinct intervals (e.g., 24 vs. 12-h) there should be: (1) similar improvements when re-testing took place at the same time of day (e.g., 8 pm) and (2) substantially diVerent improvements when re-testing took place at diVerent times of day (e.g., 8 pm vs. 8 am) for the same skill component (goal or movement). To explore this issue we contrasted the improvements over the 24-h intervals described here against those which developed over 12-h intervals described in earlier work (Cohen et al. 2005 ). There was no signiWcant diVerence in the goal-based improvements which developed from 8 pm to 8 am as compared to 8 pm to 8 pm [unpaired t test, t(18) = 0.588, P = 0.564]. Furthermore, the overnight improvements (8 pm to 8 am) were signiWcantly greater than those that developed between 8 am and 8 am in our current study [unpaired t test, t(18) = 2.559, P = 0.0197]. A similar pattern emerged for movementbased improvements: there was no signiWcant diVerence between improvements previously demonstrated from 8 am to 8 pm and those that developed between 8 am and 8 am in the current study [unpaired t test, t(18) = 0.231, P = 0.820]; improvements which developed from 8 am to 8 pm were signiWcantly greater than those that developed between 8 pm and 8 pm in the current study [unpaired t test, t(18) = 2.404, P = 0.027]. This demonstrates that goal and movement-based improvements can be observed at either 8 am or 8 pm, implying that it is unlikely that the time of re-testing determined the expression of oV-line skill improvements
Response times
Response times, for both sequential and random trials, showed a diVerent pattern of change between testing and re-testing depending upon whether or not there was signiWcant oV-line learning. There was a parallel decrease in both sequential and random response times for those groups showing no signiWcant oV-line improvement. The random response times decreased signiWcantly between testing and re-testing [8 am to 8 am, goal-conWguration, t(9) = 3.27, P = 0.01; 8 pm to 8 pm, movement-conWguration, t(9) = 6.61, P < 0.001]. Sequential response times, in these two groups, showed similar decreases [8 am to 8 am, goal-conWguration, t(9) = 4.6, P = 0.001; 8 pm to 8 pm, movement-conWguration, t(9) = 4.8, P < 0.001]. A parallel decrease in both random and sequential response times demonstrates a general but not sequence speciWc performance improvement. This probably reXects participants' increasing familiarity with the task.
In contrast, those groups showing signiWcant oV-line improvements failed to show a signiWcant decrease in the random response times between testing and re-testing [8 pm to 8 pm, goal-conWguration, t(9) = 1.8, P = 0.105; Fig. 3 Over a 24-h interval, a memory passes through both wake, associated with movement-based improvements, and a night of sleep, associated with goal-based improvements (Cohen et al. 2005) . Nonetheless, each 24-h interval is associated with only one type of skill improvement. Goal-based improvements only developed from 8 pm to 8 pm; whereas, movement-based improvements only developed from 8 am to 8 am. Error bars show the standard error of the mean 8 am to 8 am, movement-conWguration, t(9) = 1.31, P = 0.225]. Nonetheless, sequential response times in both these groups showed a signiWcant fall between testing and re-testing [8 pm to 8 pm, goal-conWguration, t(9) = 4.1, P = 0.003; 8 am to 8 am, movement-conWguration, t(9) = 2.4, P = 0.039]. The failure to show a decrease in random response time can be explained by proactive interference. When random trials are introduced following sequential trials, participants continue to play out the sequence, producing proactive interference from the sequential to the random trials. Such interference is greater when participants have developed greater sequence speciWc skill, as is the case for those who developed oV-line skill improvements. This increased proactive interference counteracts the tendency for response times to decrease due to task familiarity and so prevents a decrease in the random response times.
All participants followed a normal sleep-wake cycle; consequently, the amount of time participants spent awake following testing diVered signiWcantly between those in the 8 am to 8 am groups compared to those in the 8 pm to 8 pm groups [t(38) = 35, P < 0.001]. Those in the 8 am to 8 am groups remained awake for the rest of the day, retiring to bed on average 15.1 § 0.2 h after testing. In contrast, those in the 8 pm to 8 pm groups remained awake on average for only 3.5 § 0.27 h after testing. Nonetheless, the amount of time participants in these groups reported being asleep was not signiWcantly inXuenced by which skill component was measured [ANOVA, F(1.36) = 0.3, P = 0.559]. Thus the diVerential skill improvements over the diVerent 24-h intervals cannot be accounted for by diVerences in the amount of time slept.
Discussion
Despite passing through a 24-h interval containing sleep and wake, participants only showed oV-line improvements associated with either wake or a night of sleep. When tested and re-tested at 8 am participants only showed movement-based improvements-which develop over wake; whereas, when tested and re-tested at 8 pm participants only showed goal-based improvements-which develop over a night of sleep. Thus, there are constraints on the types of improvements that can develop oV-line.
Skill changes between testing and re-testing sessions were not inXuenced by the time-of-day because these sessions took place at the same time-of-day. Nonetheless, the time of re-testing may inXuence the expression of oVline improvements. However, contrasting improvements over a 12-h interval, shown in an earlier study, against those that developed over the 24-h intervals of the current study showed that goal and movement-based improvements can be equally expressed at 8 am and 8 pm (Cohen et al. 2005) . Thus, time-of-day seems unlikely to have inXuenced the expression of oV-line learning. Skill was measured, in both sessions, using the left hand. Consequently, hand switching, which allowed goal and movement-based skill to be distinguished, was not responsible for skill changes between testing and re-testing. There are perhaps two mechanisms which might explain the pattern of results, that is, only goal or movement-based improvements developed over any 24-h interval.
Following skill acquisition, there may only be a short interval during which oV-line processing can take place. The duration of this critical time window is not known, but an earlier study has suggested that at least 4-6 h is necessary for signiWcant skill to develop oV-line . When a continuous interval of >4-h is spent awake (i.e., 8 am to 8 am) movement-based improvements develop; whereas, when overnight sleep (i.e., 8 pm to 8 pm) allows only 3.5-h awake then goalbased improvements develop. Previous studies have shown that similar improvements develop provided sleep occurs within a critical time after initial practice (Fischer et al. 2002; Walker et al. 2003) . Some procedural memories also remain susceptible to interference for a critical time following acquisition (Brashers-Krug et al. 1996; Muellbacher et al. 2002; Walker et al. 2003) . Thus, a critical time window may be a general feature of oV-line processing.
Alternatively, there may be a competitive interaction between distinct components of a procedural memory during consolidation. Therefore, the enhancement of one aspect of the memory may prevent the enhancement of another aspect. Competitive interactions between memories are thought to occur during encoding (Poldrack and Packard 2003) ; they may also occur during consolidation (Schroeder et al. 2002 ).
These observations demonstrate that oV-line motor sequence learning can only occur within a critical time window following initial encoding or that there is a competitive interaction between skill components, with enhancement of one component actively preventing the enhancement of the alternative component. Regardless of the exact mechanism, only improvements associated with either wake or a night of sleep develop; both types of improvement are not observed over a 24-h interval of sleep and wake.
